Background
SCN5A mutations have been associated with a variety of inherited arrhythmias, but the gain-of-function type modulation in SCN5A is associated with only 1 phenotype, long-QT syndrome type 3 (LQTS3).
Methods
We studied a Japanese family with autosomal dominant hereditary AF, multiple members of which showed an onset of AF or frequent premature atrial contractions at a young age.
Results
The 31-year-old proband received radiofrequency catheter ablation, during which time numerous ectopic firings and increased excitability throughout the right atrium were documented. Mutational analysis identified a novel missense mutation, M1875T, in SCN5A. Further investigations revealed the familial aggregation of this mutation in all of the affected individuals. Functional assays of the M1875T Na ϩ channels using a whole-cell patch-clamp demonstrated a distinct gain-of-function type modulation; a pronounced depolarized shift (ϩ16.4 mV) in V 1/2 of the voltage dependence of steady-state inactivation; and no persistent Na ϩ current, which is a defining mechanism of LQTS3. These biophysical features of the mutant channels are potentially associated with increased atrial excitability and normal QT interval in all of the affected individuals.
Conclusions
We identified a novel SCN5A mutation associated with familial AF. The mutant channels displayed a gain-of-function type modulation of cardiac Na ϩ channels, which is a novel mechanism predisposing to increased atrial excitability and familial AF. This is a new phenotype resulting from the SCN5A gain-of-function mutations and is distinct from The cardiac sodium (Na ϩ ) channel plays a crucial role in cardiac excitation/contraction via initiating the action potential of the conduction system and working myocytes. Mutations in SCN5A-which encodes the ␣-subunit of voltage-gated cardiac Na ϩ channels-have been associated with a variety of cardiac arrhythmias. The loss-of-function mutations result in Brugada syndrome (1) , idiopathic ventricular fibrillation (2) , cardiac conduction disease (3), or congenital sick sinus syndrome (4) , whereas the gain-offunction type modulation in SCN5A is associated with only 1 phenotype, long-QT syndrome type 3 (LQTS3) (5) .
We reported on the screening for SCN5A mutations in Japanese patients with Brugada syndrome (6) and now have extended the cohort to various inherited arrhythmias, given the wide spectrum of clinical phenotypes of cardiac Na ϩ channelopathies. In the present study, in a Japanese family with lone atrial fibrillation (AF), we identified a novel missense mutation of SCN5A (M1875T). Until recently, only potassium channel mutations have been linked to familial AF (7-10); however, 3 recent reports have identified SCN5A loss-of-function mutations: D1275N in 2 families with atrial arrhythmias (AF, cardiac conduction disease, or sick sinus syndrome) plus dilated cardiomyopathy (11, 12) , and N1986K in a family with lone AF (13) . Thus, this is the first report to identify an SCN5A gain-of-function type mutation in familial AF.
Methods
Clinical evaluation. This study was approved by the Institutional Ethics Committee, and all patients provided informed consent. Affected individuals were considered as having AF or premature atrial contractions (PACs) when documented by 12-lead electrocardiograms (ECGs). Lone AF was defined as onset of AF at age Ͻ65 years without structural heart disease, hypertension, hyperthyroidism, myocardial infarction, or congestive heart failure. Paroxysmal AF was defined as sporadic AF lasting Ͼ30 s for Ͻ7 days. When sustained beyond 7 days, AF was considered persistent. Atrial fibrillation refractory to cardioversion or not attempted was classified as permanent. In both sinus rhythm and AF, the mean QT and RR intervals were measured from 3 and 6 consecutive beats, respectively. Deoxyribonucleic acid (DNA) isolation and mutation analysis. Genomic DNA was isolated from blood lymphocytes and screened for candidate genes by denaturing highperformance liquid chromatography with a WAVE System Model 3500 (Transgenomic, Omaha, Nebraska). Abnormal conformers were amplified by polymerase chain reaction, and sequencing was performed on an ABI PRISM 3100 DNA sequencer (Applied Biosystems, Foster City, California). Site-directed mutagenesis and electrophysiology. To construct the SCN5A mutant, we adopted site-directed mutagenesis performed via a kit, QuickChange II XL (Stratagene, La Jolla, California). The human cell line HEK293 cultured in a 35-mm dish was transiently transfected with 0.5 g of either pRcCMV-WT or mutant complementary DNA in combination with 0.5 g of the bicistronic plasmid (pEGFP-IRESh␤1) encoding enhanced green fluorescent protein and the human ␤1-subunit (h␤1). The Na ϩ currents were recorded 48 h after transfection with the whole-cell patch-clamp technique at 22°C to 23°C as described elsewhere (14) . Results are expressed as mean Ϯ SEM, and statistical significance was established with the Student t test. Statistical significance was assumed for p Ͻ 0.05. 
Results

Clinical features.
We studied a Japanese family with autosomal dominant hereditary AF that spanned 3 generations (Fig. 1A) . The proband (IV-3) (Fig. 1A) , a 31-year-old man, first experienced repetitive palpitation due to frequent PACs at age 18, which later progressed to paroxysmal AF and atrial tachycardia (AT) at age 27 years (pre-ablation) (Fig. 1B) . Six family members, along with the proband, presented with either AF or frequent PACs (Fig. 1A) . The majority shared a similar clinical course with the proband-palpitations due to PACs start in their teens, which later progress to paroxysmal and ultimately persistent AF ( Table 1) . The proband and his uncle (III-1) showed exercise-induced AT and/or AF (Fig. 1C) . The proband's cousin (IV-1) presented with frequent PACs (Fig. 1D) that have not yet progressed to AF. The ECGs of the affected relatives-with the exception to the proband's aunt (II-3), who received disopyramide-did not show any QT prolongation (Fig. 1D , Table 1 ). Interestingly, the analysis of P wave morphology in the affected family members revealed that the majority of PAC foci were localized in the right atrium (Fig. 1D ). The affected individuals received various antiarrhythmic agents (Table 1) but, in most cases, to no avail. There was neither structural heart disease nor a history of major ventricular arrhythmias or sudden cardiac death in this family.
At age 27 years, the proband underwent radiofrequency catheter ablation. Intravenous administration of isoproterenol induced repetitive ATs from multiple origins in the right atrium ( Fig. 2A) . We successfully ablated the major origin, located in the lower-right atrial septum (Figs. 2B and 2C).
Three years later, the second ablation session was performed due to a relapse of persistent AF. This time, we identified 2 other PAC foci in the right atrium ( Clinical Characteristics of Affected Individuals 2D)-both were successfully ablated. During the subsequent procedure to generate a cavotricuspid isthmus block, we noticed that energy delivery from the catheter induced numerous electrical firings from the contact sites (Fig. 2E) . After the second ablation session, he maintained a sinus rhythm under medication, yet even after which he experienced occasional episodes of paroxysmal AF. Interestingly, after each attempt of cardioversion, ATs that lasted for several seconds were observed immediately after the shock was delivered and before sinus rhythm conversion (data not shown). All of these features strongly suggest the proband's increased vulnerability to atrial arrhythmias. Genetic analysis. We identified a novel missense mutation, c.5624TϾC, p.M1875T, in the SCN5A gene in the proband. Figure 3 shows the denaturing high-performance liquid chromatography and sequence results (Figs. 3A and 3B) and an illustration showing the position of the identified mutation (Fig. 3C) . The amino acid at codon 1875 (methionine) is highly conserved among different Na ϩ channel isoforms and species (Fig. 3D) Table 1 ). Functional analysis of M1875T-SCN5A. We performed biophysical assays for the novel SCN5A mutation with a heterologous expression system in HEK293 cells. Figure 4A illustrates representative whole-cell current traces from cells expressing wild-type (WT) and M1875T Na ϩ channels in the presence of the coexpressed Na ϩ channel ␤ subunit. Notably, M1875T channels showed an apparently slower inactivation compared with WT. The time constants for both fast and slow inactivation across a wide range of test potentials were significantly larger with M1875T in comparison with WT (Fig. 4B) , indicating impaired inactivation. Figure 4C shows the peak current-voltage relation for WT and M1875T channels. The maximum current density of WT was observed at Ϫ20 mV but shifted to Ϫ30 mV for M1875T. In addition, the peak current density of M1875T was significantly larger than WT (WT, 326.2 Ϯ 28.2 pA/pF, n ϭ 23; M1875T, 484.6 Ϯ 49.6 pA/pF, n ϭ 31, p Ͻ 0.01) (Fig. 4D) . As in WT, M1875T channels showed no persistent inward Na ϩ currents at the end of a 200-ms depolarization (Fig. 4E) , which is one of the defining mechanisms of QT interval prolongation in patients with LQTS3. The subtracted amplitude at the end of the 200-ms depolarization was 0.046 Ϯ 0.009% (n ϭ 5) of the peak current for WT and 0.048 Ϯ 0.038% (n ϭ 7) for M1875T. A SCN1A, human brain type I; SCN2A, human brain type II; SCN3A, human brain type III; SCN4A, human skeletal muscle. The sequences of other species represent the cardiac isoforms of Na ϩ channels. Figure 5A shows the conductance-voltage and steadystate inactivation curves for WT and M1875T channels. Numerical data pertaining to the biophysical properties therein are summarized in Table 2 . The parameters for the activation gate were similar between WT and M1875T. In contrast, the half-maximal potential (V 1/2 ) for the steadystate inactivation of M1875T showed a marked positive shift (ϩ16.4 mV) compared with that of WT (WT, V 1/2 ϭ Ϫ78.08 Ϯ 0.94 mV, n ϭ 22; M1875T, V 1/2 ϭ Ϫ61.68 Ϯ 0.76 mV, n ϭ 33, p Ͻ 0.01). The slope factor (k) for M1875T was significantly larger than that of WT (WT, k ϭ Ϫ7.13 Ϯ 0.12, n ϭ 22; M1875T, k ϭ Ϫ6.07 Ϯ 0.16, n ϭ 33, p Ͻ 0.01). The pronounced depolarizing shift of the inactivation gate is likely to increase Na ϩ channel availability during excitation.
We also investigated the other kinetic properties of Na Table 2 ). With regard to closed-state inactivation, the extent was significantly less (WT, A ϭ 0.13 Ϯ 0.03 ms, n ϭ 9; M1875T, A ϭ 0.05 Ϯ 0.02 ms, n ϭ 9, p Ͻ 0.05), and the time constant was larger in the M1875T channels when compared with WT (WT, ϭ 97.1 Ϯ 7.8 ms, n ϭ 9; M1875T, ϭ 212.7 Ϯ 22.3 ms, n ϭ 9, p Ͻ 0.01) (Fig. 5D , Table 2 ). These data suggest that the number of inactivated M1875T channels is reduced near the resting potential. Collectively, the M1875T mutation exhibited a gain-offunction type modulation in the cardiac Na ϩ channels without persistent inward Na ϩ currents: increased peak Na ϩ channel density; prolonged time constants of both fast and slow inactivation; a large depolarizing shift in V 1/2 of the steady-state inactivation; and a lesser extent and a larger time constant with regard to closed-state inactivation. In short, the M1875T mutation clearly demonstrates characteristics that make it distinct from the LQTS3-type gainof-function modulation.
Discussion
In the present study, we identified a novel gain-of-function SCN5A mutation that causes a familial form of AF. The clinical course of AF development materialized in a similar fashion among all affected family members (i.e., palpitations due to frequent PACs and ATs in their teens, followed by paroxysmal and then persistent AF). During the clinical electrophysiological study in the proband, we recognized multifocal activity sites and increased excitability in the right atrium. These distinguishing features are presumably associated with the unique biophysical properties of the mutant Na ϩ channels. It should be noted, however, that the size of the pedigree analyzed in this study is limited. SCN5A mutations and familial AF. Mutations in SCN5A have been reported to cause a wide variety of cardiac arrhythmias. The gain-of-function mutations result in LQTS3 (5), whereas the loss-of-function mutations result in various phenotypes: 1) Brugada syndrome; 2) idiopathic ventricular fibrillation; 3) cardiac conduction disease; and 4) congenital sick sinus syndrome. We previously reported that SCN5A-linked Brugada syndrome is a high-risk group of bradyarrhythmias, linked predominantly to sick sinus syndrome (6) . Although AF is a common complication of Brugada syndrome (10% to 30%) (6, 15) , there is a scarcity of reports on SCN5A-positive Brugada syndrome and AF. Atrial fibrillation is the most common form of cardiac arrhythmia, characterized by rapid irregular activation of the atrium, and a common cause of morbidity and mortality. Atrial fibrillation occurs predominantly in elderly persons and is frequently associated with underlying cardiac diseases. In 15% to 30% of patients, however, an etiology is absent (i.e., lone AF) (16, 17) . Although AF has been regarded a sporadic and acquired disease, the familial aggregation of AF has been shown to be more frequent than previously recognized (18, 19) . Chen et al. (7) found the first gene mutation responsible for familial AF in KCNQ1, which encodes the ␣-subunit of slow delayed rectifier potassium (K ϩ ) channels. Since then, 3 additional genes-all of which encode cardiac K ϩ channels-responsible for familial AF have been identified: KCNE2 (8), KCNJ2 (9), and KCNA5 (10). Recently, loss-of-function SCN5A mutations (D1275N) were reported to be associated with 2 families who have atrial arrhythmias (AF, cardiac conduction disease, and sick sinus syndrome) with dilated cardiomyopathy (11, 12) . More recently, an SCN5A mutation (N1986K) was identified in a family with lone AF (13) . Functional assays on the N1986K channels revealed a hyperpolarized shift of steady-state inactivation, indicating a loss-of-function type modulation. One of the affected members underwent pacemaker implantation due to sick sinus syndrome, suggesting the underlying conduction disturbance resulting from the Na ϩ channel loss-of-function. In addition, a common polymorphism (H558R) in SCN5A, present in 20% of the population (20) , reduces Na ϩ current density (21) . The screening for the polymorphism in 157 patients with lone AF revealed that the R558 allele was more common in patients with lone AF than in the control subjects and as such was considered to be a risk factor for lone AF (22) . However, none of the M1875T-positive individuals carried the R558 allele.
These reports implicate a potential relationship between decreased Na ϩ currents and AF; however, to date, an SCN5A gain-of-function mutation has never been linked to AF.
Biophysical Properties of WT and M1875T Channels Unique gain-of-function properties of M1875T Na ؉ channels. To date, SCN5A gain-of-function mutations have been reportedly linked to only 1 phenotype, LQTS3. Persistent inward Na ϩ currents observed in these mutant channels are considered to cause QT prolongation. However, M1875T channels did not display persistent inward Na ϩ currents (Fig. 4E ). This might explain why all of the affected and mutation-positive individuals in our study exhibited normal QT interval, with the exception of 1 individual who received disopyramide therapy. The functional properties of M1875T Na ϩ channels were quite distinct from those of LQTS3. The most prominent change was a ϩ16.4 mV shift in the steady-state inactivation. This is, to the best of our knowledge, the greatest depolarization shift in all of the previously reported SCN5A mutants. Some of the LQTS3 mutants (E1295K, A1330P, A1330T, and I1768V) showed a similar depolarizing shift of the steady-state inactivation without persistent inward Na ϩ currents; however, the extent of the depolarizing shift was much less than M1875T (all were Ͻϩ10 mV). The M1875T channels displayed the increased peak Na ϩ current density (Fig. 4D) , perhaps due to the large depolarized shift in steady-state inactivation. Interestingly, the location of the mutation is within a complex region that includes Ca 2ϩ binding EF-hand like motifs and a putative binding site for calmodulin (23) , and thus the mutation might disrupt inactivation by altered calcium sensitivity.
The potential mechanisms by which the identified gainof-function mutation might lead to PAC or AF could be explained as the following: first, increased inward Na ϩ currents might cause repolarization failure or early afterdepolarizations, thereby inducing triggered activities; and second, the increased Na ϩ currents might increase the conduction velocity and facilitate the maintenance of the fibrillation wave. However, further studies are needed to elucidate the underlying mechanisms. Gating Properties for M1875T Channels
Detailed parameters are given in Table 2 . (Fig. 1A) . Increased automaticity and irritability in the atrium was demonstrated by recurrent atrial arrhythmias that were resistant to ablation or drug therapy, induced PACs during exercise (Fig. 1C) , and numerous ectopic firings and increased excitability throughout the right atrium during catheter ablation (Fig. 2) . Because Na ϩ channels encoded by SCN5A are expressed in both the atrium and ventricle, it remains unknown why our patients showed only atrial arrhythmias but not ventricular arrhythmias. The different electrophysiological properties between atrial and ventricular cells might be the underlying cause. Resting membrane potential is more depolarized, and the peak Na ϩ current density is larger in atrial cells than in ventricular cells in dogs (24) . The critical depolarization and current threshold for action potential initiation are smaller in atrial cells than in ventricular cells, indicating that atrial cells are more readily excitable than ventricular cells (25) .
Conclusions
We identified a novel SCN5A gain-of-function mutation that causes a familial form of AF without any underlying structural heart diseases, which provides us with new insight into the pathogenesis of the commonly occurring form of AF.
